Introduction
A number of modern, high-resolution, multi-parameter geophysical surveys have been conducted over the past decade across onshore UK (Figure 1 Airborne radiometric data are acquired over a wide gamma-ray energy spectrum and the spectral data are routinely processed to provide estimates of the naturally occurring abundances of the radiogenic materials potassium, thorium and uranium.
The main component of gamma-ray flux is typically contained within the upper 30 cm of the Earth's surface. The airborne measurements thus provide a geochemical mapping capability obtained from concentrations of these materials in the upper 0.5 m.
The distribution of radioelements in rocks and soils is discussed by Dickson and Scott (1997) and is further reviewed by IAEA (2003) . Potassium is a major component of the Earth's crust (2.35%). It is an alkali element and shows a simple chemistry. The major hosts of potassium in rocks are potassic feldspars (e.g. orthoclase microcline with ~13%) and micas (e.g. biotite and muscovite with 8%). Thorium is a minor component of the Earth's crust (~12 ppm). Major thorium bearing minerals (e.g. monazite and zircon) are stable during weathering and may accumulate in heavy mineral sand deposits. Thorium freed by the breakdown of minerals during weathering may be retained in Fe or Ti oxides/hydroxides and with clays. Uranium is a reactive metal with a low average abundance in the Earth's crust (~ 3 ppm). It may be present in rocks as the oxide and silicate minerals, uraninite and uranothorite; as Page 4 of 40 trace amounts in other minerals or along grain boundaries possibly as uranium oxides or silicates.
Gamma ray surveys are used in several fields of science. They are used for geological, geochemical, and environmental mapping, and allow the interpretation of regional features over large areas (IAEA, 1991 (IAEA, , 2003 . They may be used to estimate and assess the terrestrial radiation dose to the human population and to identify areas of potential natural radiation hazard. Regional surveys also provide a baseline data set against which man-made contamination can be estimated. The existing UK HiRES radiometric data sets have been applied to a range of such geoscience investigations many of which have focussed on environmental, health and soil science issues. An airborne and ground-based radiometric study considered the use of such data in relation to its potential to assess indoor radon levels (Scheib et al., 2006) . The close correlation between airborne uranium measurements and indoor radon concentrations has been further developed using other HiRES data sets (Appleton et al., 2008) .
A combination of HiRES-1 data and trial survey data were used to assess radioelement concentrations associated with coal-mine waste (Emery et al., 2005 ) that included ground follow-up studies. Lahti et al. (2001) and Lahti and Jones (2003) describe the distribution of man-made radioactive sources located by HiRES surveys, including colliery spoil heaps, iron ore mines and processing centres, fly ash adjacent to coal-fired power station sites, Chernobyl fallout (i.e. the man-made radionuclide Caesium, 137 Cs), nuclear reprocessing plant discharges and an isolated 60 Co source. Scheib and Beamish (2010) report the distribution of 137 Cs (largely Chernobylderived) across the northern UK based on the HiRES survey data.
The airborne datasets can also provide detailed information about the characteristics of the soil and its parent geological material, including surface texture, weathering, leaching, soil depth, moisture and clay mineralogy (Bierwirth, 1997) . The degree to which the HiRES radiometric data can be used to provide thematic maps of soils, particularly soil texture, in Eastern England was considered by Rawlins et al. (2007) .
The overall correlations of airborne radiometric estimates with soil survey data for potassium and thorium were large indicating that the two radioelements provide effective estimates of their concentrations in the soil and their distribution patterns.
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Parent material accounted for significant amounts of the observed variability. The study confirmed that the HiRES radiometric components potassium and thorium provide information on parent material and associated geochemistry in the 'young' landscapes of England and Wales.
In the UK context, the HiRES IoW survey, and the three geophysical data sets acquired in the south of England are highly distinct. Systematic airborne geophysical survey measurements in the south of England are confined to a vintage data set acquired as part the Mineral Reconnaissance Programme between 1957 and 1959 across south-west England (Cornwell et al., 1995) . By modern standards, the radiometric information obtained was crude. Baseline geochemical sampling (e.g. (Johnson et al., 2005) is also absent for much of the south of England, so there is no pre-existing geochemical context for the airborne measurements The Palaeogene and
Cretaceous bedrock formations encountered on the IoW (Figure 2 ) are some of the youngest lithologies to be assessed by the HiRES surveys. Since the lithologies are also representative of much of the southern mainland of England, the geochemical information afforded by the radiometric survey is significant.
The distribution of soil types on the IoW is considered to reflect the underlying solid and superficial geology (Entec, 2008) . The superficial deposits are relatively sparse and thin and although assessments of the radiometric data can be undertaken using such data, we confine ourselves here to an assessment of information relating to bedrock geology. The bedrock geology is considered here to be the parent material for the overlying soils.
A Geographical Information System (GIS) based approach has been adopted in order to arrive at an assessment of the baseline data (e.g. the statistical means for each of the formations) together with their variations across individual formations. These latter investigations relate to the geochemical variability within formations. In these young formations, the variability encountered will largely relate to the sedimentation/deposition process itself together with any subsequent weathering and erosion.
Page 6 The geology of the Isle of Wight can be fairly evenly divided into a northern zone of Palaeogene sands, clays and limestones and a southern region of Cretaceous strata.
The structure is dominated by a prominent east-west trending monoclonal fold or ramp structure (White, 1921; Melville and Freshney, 1982) . The two zones are rock lexicon codes used here are shown in Figure 2 . The map also shows polygons (in cross-hatch) that identify the major urban areas and a series of contours (in red) within which the survey altitude was greater than 100 m. The central vertically elongate ellipse is due to the avoidance of a major mast, and this zone forms a small hole in an otherwise uniform data set.
It is worth remarking that the complete survey rectangle contains a large extent of seawater. The magnetic component (see White and Beamish, 2010, this 
The radiometric data
The geophysical data includes airborne 256-channel gamma spectrometry covering the energy range from 0.3-3 MeV. The radiometric data are sampled at 1 second intervals which, for this survey, equates to a travelling distance of approximately 60 m over the ground. A range of corrections are applied to the data including removing aircraft, cosmic and radon background; application of stripping corrections derived from calibration data and application of height attenuation corrections. These are based on protocols described in IAEA (1991) and by Grasty and Minty (1995a,b) . The geophysical calibration and processing of the IoW survey data is described in detail by White et al. (2009 
Radiometric Assessments
Gamma ray spectroscopy measures radioelement concentrations to a depth of about 0.5 m (IAEA, 2003) . In exposed rock the main component of the radiation may be detected from first 30 cm although this depth will increase for lower density unconsolidated materials. In dry peat the main measured component of radiation may extend to several metres. A uniform distribution of the radionuclides is assumed in the data conversions. In general this is probably a reasonable assumption, but it will not hold true in all circumstances. Because of this potential non-uniformity, radionuclide concentrations should be regarded only as estimates of actual ground values. They are, in any case, an average of the ground activities within the field of view, or 'footprint' of the airborne gamma spectrometer.
The ground area or 'footprint' from which most of the contribution of radioactivity to each one second measurement has the form of an ellipse elongated in the flight direction. For example, at 56 m altitude, 75% of the measured radiation will come from a width of about 150 m, extending to around 220 m along the flight line (Pitkin and Duval, 1980) , although this varies with source geometry characteristics (Billings et al., 2003; Grasty et al., 1979) . Within that ellipse, the greatest contribution will, in general, come from directly beneath the aircraft and will fall off exponentially with lateral distance from the flight line. At the increased survey height over urban areas, the field of view would be considerably larger.
Varying levels of soil moisture may influence the airborne radiometric measurements (IAEA, 2003) . Clays with specific radium content tend to register a higher eU level when wet whereas sandy soils can register a lower eU when wet (Grasty, 1997) . The
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IoW survey was carried out during good weather conditions (no rain) and so temporal washout and variable soil moisture should not be an issue in the interpretation. In general there is a well established correlation between gamma-ray attenuation and soil moisture (Carroll, 1981) . Typically a 10% increase in soil moisture content will reduce the radiation flux at the surface by about the same amount (Grasty, 1997) .
Survey Results
The radiometric data are first summarised in terms of colour images obtained from minimum-curvature grids. Bodies of water produce a null (theoretically zero) radiometric response. In order to avoid image colour bias, the radiometric images have been cut to the coast. Figure 3a shows the radiometric data in terms of Total
Count which is a measure of total radioactivity over the spectrum from 0.3 to 3 MeV. onshore data values only and with high altitude survey data included) are given in It is evident from the images presented and on further inspection in relation to geological line-work that the radiometric data display a high degree of correlation with bedrock geology. This is explored further in the analysis described below.
Geological Classification of the radiometric data
One of the purposes of this study is to summarise the radiometric responses in terms of the young geological bedrock formations found on the IoW. Superficial deposits are not extensive on the IoW but can be included in an equivalent assessment.
Appleton (2009) conducted a detailed GIS-based analysis of the application of the radiometric data in relation to geological mapping of both superficial deposits and bedrock geology. The methodology used here is a simplified version of that GISbased analysis approach.
The 1:50 000 scale digital data for bedrock geology BGS (2008) based on surveys conducted prior to the current survey) is shown in Figure 2 . The 22 bedrock units, and their lexicon codes are described in Table 2 . The geological polygons, acting as parent materials in the assessment, were then attributed with the radiometric data. The procedure enables a statistical assessment of the radiometric data according to geological classification. The airborne radiometric data may be less reliable in urban areas because a significant proportion of the ground area is covered in buildings and/or asphalt paving, and the flight altitude is approximately 240 m compared with about 56 m over rural areas.
Negative uranium (eU) values tend to characterise urban areas (Appleton et al., 2008) although they also occur in areas where eU is near the detection limit and the removal Figure 2 ) and 500-m wide buffer zones around the urban areas, with data grouped by bedrock geology. The results indicate that the averages for urban areas are 87% to 89% of those in the surrounding rural area.
In the following analysis the data set has first been restricted to locations where the survey altitude is less than 100 m. This condition also has the equivalent effect of restricting the data set over urban areas (see Figure 2 ). The radiometric data were then directly attributed with the 1:50,000 scale bedrock geology polygons. The resulting number of samples in each bedrock class is listed in Table 3 The results of Table 3 indicate that a general assumption that the data are normally distributed (arithmetic mean) will tend to provide higher 'average' estimates than if the data are assumed to be log-normally distributed (geometric mean). It is also evident from Table 3 
ANOVA analysis
The information on the ability of the radiometric measurements to discriminate geological bedrock units can be further analysed, in fact summarised, using an analysis of variance (ANOVA). The ANOVA model analysis operates by comparing the amounts of dispersion in each of the groups to the total amount of dispersion in the data. The ANOVA analysis tests the hypothesis that the means of two or more of the populations are equal. The ANOVA results shown in Table 4 summarise the proportion (as a percentage) of the radiometric data set that can be explained by the geological classification. The geological classifications used were the Cretaceous units, the Palaeogene units and across all geological units (e.g. Table 3 ). 
Baseline radiometric maps
The geological classification of the radiometric data provided statistical means that can be used to generate new baseline radiometric maps for the IoW. Such maps also provide a summary of the analysis conducted. The conditioned data set used in the analysis contains gaps and holes due to the altitude condition applied. These omitted zones are now populated with their associated bedrock mean values. We here use the geometric means listed in Table 3 . 
Inter formation variations
Both the gridded data sets (Figure 3 ) and the box-whisker plots ( Figure 6a shows the outcrop polygon containing a 1:250k topographic location map.
Lower Greensand Formation
To the east of the map, the urban conurbation of Shanklin-Sandown is identified by a polygon with infill. Figure 6b shows a gridded image of the Total Count data restricted to the polygon. The image colour scale uses an equal-area colour-scale distribution and the dynamic range is increased over that using the complete data set (e.g. Figure 3 ). In order to examine the behaviour of the data away from the mean value, a number of statistical techniques may be employed (e.g. by examining the distribution of the upper and lower quartiles). Figure 6c shows the results of a cluster analysis of the Total Count data. Cluster analysis is the assignment of a set of observations into subsets (clusters) so that observations in the same cluster are similar in some sense. The method and algorithm used here is described in the ESRI ArcMap TM Geoprocessing Toolbox. The method provides scores (called z and p values) that measure the statistical significance of the analysis and indicate whether the apparent similarity (or dissimilarity) in values for a feature and its neighbours is greater than one would expect from a random distribution. The results shown in Figure 6c show the clusters with the highest z-scores (>2.58) that trace both high and low amplitude features in the data. When these results are compared with the gridded data image in Figure 6b , it is apparent that there is a broad level of correspondence with a few notable exceptions (identified within ellipses). Both sets of information reveal that there exist significant localised radiometric response signatures at a variety of scales.
The next stage in summarising the radiometric data for geological/geochemical application is to combine the three radioelement components in a Ternary colour image. Once again, in using data confined to a single formation, the dynamic range is increased over that in the complete data set (Figure 3b ). The image obtained, although subject to noise from all three components (particularly the low amplitude eU response) provides a highly diagnostic assessment of the radioelement variations across the formation. In the east, the northern area shows a dominant thorium response with some strong edges (arrowed). Moving south, a dispersed uranium
Page 21 of 40 response is evident that is bordered in the west (in the vicinity of Godshill) by a significant potassium response. Moving west, a change in character is observed across an N-S arcuate zone (arrowed). Further west, thorium dominates a considerable portion of the WNW striking limb. There are also notable dark (low amplitudes in all components) zones across the Ternary image. At the scale shown, these display an apparent association with the river systems of the eastern Yar and the Medina towards the centre of the image (see Figure 6a) . The landform and low radiometric response associations with the river system and potential saturated ground are examined in greater detail later across the more detailed 5 x 5 km rectangle shown in Figure 6a .
2 Hampstead Formation
As can be seen in the whole survey Ternary image of Figure 3b , the Palaeogene provides a response that is generally distinct from the older formations. Persistent white zones indicate high values in all three radiometric components. This is actually the result of a high degree of correlation between potassium and thorium within the Palaeogene units while uranium is of low amplitude and spatially variable. The coefficient of linear correlation (R 2 ) between potassium and thorium for the Hamstead Member is 36% which compares with only 13% for the Lower Greensand formation considered previously.
The Hamstead Member (HM-CLSS) consists of coloured clays, loams, sands and shales deposited in a brackish freshwater environment (White, 1921) . A third marine stage is recorded in some of the uppermost beds (Melville and Freshney, 1982) . We would anticipate that the highest radiometric amplitudes to be associated with clay rich parent materials. Figure 7a shows the HM-CLSS polygon containing a 1:250k topographic location map. The area contains portions of the largest urban centres on the island Cowes in the north and Newport in the south). Figure 7b shows a gridded image of the Total Count data restricted to the polygon and survey elevations of less than 100 m. The image colour scale uses an equal-area distribution and the dynamic range is increased over that using the complete data set (e.g. Figure 3 ). Maximum ranges in Total Count are in fact similar to those of the Lower Greensand.
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The three radioelement components are combined into a Ternary colour image in Figure 7c . The image obtained, is subject to noise in all three components;
particularly that of the low amplitude eU response. Due to the high potassium-thorium correlation, radioelement discrimination of features is more difficult than in the Cretaceous formations. Using both Total Count and the Ternary image a few zones may be defined as partially distinct. In the east, a broad change in character is observed across a zone that is delineated by the dash lines. The eastern-most section shows a degree of diffuse banding in the NNE-SSW direction. The centre of the formation, in the vicinity of the conurbations, displays fairly rapid response variations from high to low values. Further west and outlined by the ellipse is a zone of more constant character in the Ternary response. Finally, a strip along the coastal zone (arrowed) is defined by equal amplitude potassium and thorium responses with only minor contribution from uranium.
Lower Greensand Formation (detail)
As noted previously, there is an indication that low response values across the formation show some associations with river systems. The response obtained from the water body itself will be theoretically zero, however the lateral scale of the river systems considered here (e.g. the Eastern Yar) is relatively narrow. In relation to the field of view of the airborne sensor the influence of the water body on each measurement should be minimal. A second question then arises as to whether there is a further attenuating contribution from the degree of water saturation within the river catchment. There is a well established spatial correlation between gamma-ray attenuation and soil moisture (Caroll, 1981) . As noted previously, a 10% increase in soil water leads to a reduction in gamma radiation by about the same amount (Grasty, 1997) . The 5 x 5 km study area, largely confined to the Lower Greensand (indicated in Figure 6a ) was chosen to further understand the response to soil moisture. Figure   8a shows The observations, although requiring much further study, have two main implications.
The first is that the radiometric responses may be subject, in detail, to influences from water saturation in the soil and superficial deposits. The observation is somewhat surprising since the local soils are generally regarded as free draining (see below).
Secondly, the low values of Total Count, and potentially the associated individual radiometric contributions, may provide information on the degree of local saturation in the near-surface. The majority of the IoW Lower Greensand groundwater body is typically covered by free-draining argillic brown earth soils (Soil Survey, 1983) . In a recent review of the water body, Entec (2008) noted the occurrence of stagnogleyic brown earth soils, characterised as having a slowly permeable subsoil. The study notes small areas of clayey, gley soils along the Eastern Yar downstream of (i.e. to the north) of Godshill and on a short stretch of the upper Medina west of Godshill (to the west of the study rectangle). The soil type often indicates areas where the ground is often waterlogged due to a shallow groundwater table.
To complete our analysis of the study area, the map of superficial deposits is replaced by an Ordnance Survey 1:50k topographic map in Figure 8c 50 (eU, ppm) . It is evident that the major contributions occur (and may be limited by) to the north and west of the river valley of the Eastern Yar, The study area largely comprises the Lower Greensand and it is likely that the river valley marks a significant change in character in geochemistry of the formation. On the rising ground to the north, there is dominant zone of thorium while towards the centre a large zone of potassium tends to prevail. In the SW corner a zone enriched in all three radioelements is apparent.
Conclusions
The study has reviewed the information content of the first modern radiometric survey 
